When dCTP is replaced by ™»hy'5-dCTP in the polymerase chain reaction some templates cannot be efficiently amplified by Taq polymerase or Vent™ polymerase using standard cycling parameters. However, this phenomenon can be overcome by increasing the temperature of the denaturation steps to 100°C, or by adding dITP to destabilize the base pairs. Once the block to amplification of substituted DNA was overcome, methylated DNA from the 'superpolylinker' of the plasmid pSL1180 was used as a substrate to check the methyl-sensitivity of a variety of restriction endonucleases. The m5 dCsubstituted DNAs should also be valuable substrates for defining the specificity of methyl-dependent endonucleases.
INTRODUCTION
The ability to produce a defined, fully "^dC-substituted DNA by PCR (1) would be a valuable resource for a variety of applications including testing restriction endonucleases for methylsensitivity and determining the specificity of "^dC-dependent endonucleases (2, 3) . We set out to manufacture such products using "^dCTP instead of dCTP in the PCR reaction. Some of the substrates could not be amplified using "^dCTP. We have found a solution to this problem and used the resulting modified substrates to study the effect of methylation on restriction enzymes.
METHODS

PCR amplification
Taq Polymerase was purchased from Perkin Elmer Cetus and from Stratagene. Vent™ polymerase was purchased from New England Biolabs.
Unless otherwise stated, PCR amplification used the Perkin Elmer Cetus recommended buffer and 200 /tM primers, 30 ng of template, 2.5 units of Taq polymerase or 1.5 units of Vent polymerase in a total volume of 100 /tl. Cycling parameters: 94°C, 1 min; 50°C; 1 min; 72°C, 2 min for 30 cycles. 20 /d of reactions were loaded per lane and a TBE gel of 3% Nuseive and 1% SeaKem agarose (FMC) was used to separate DNA fragments.
For the production of methylated substrates 200 /*M ""MCTP was used instead of dCTP. '"'dCTP was purchased from Boehringer Mannheim Biochemicals and from Pharmacia. 7-deaza-dGTP (abbreviated 7aza-dGTP) and dITP were from US Biochemicals. A centricon-100 microconcentrator from Amicon was used to purify PCR products for further amplification. DNAs pSL1180 was from Pharmacia. M13mpl8 was from New England Biolabs. pBSKII+ was from Stratagene. Mpl8(494) is a S. typhimurium genomic clone of 494 base pairs. The pUC based p53 and pBSKII based Tn31 mammalian cDNA clones were from Dr. Bourdon and Dr. Perucho at CIBR.
Primers
-20 5' GGAAACAGCTATGACCATGA  rev  5' TGTAAAACGACGGCCAGTGA  T7  5' AATACGACTCACTATAG  T3  5' ATTAACCCTCACTAAAG  SK  5' TCTAGAACTAGTGGATC  KS  5' CGAGGTCGACGGTATCG  ADO  5' ACCAAAGCCACAGTTGGGCA  55E  5' CTGGGGTGGCATCTG  8E2  5' GCTGTCAAAGGCATTCTCCGATGCC  1UR  5' AGACTGCCTTCCGGGTCACT  5DB  5'CATAGGGCACCACCACACTA  4UB  5' CCCTCAACAAGATGTTTTGCC  6UN  5' GACTGTACCACCATCCACTA  8D 5' CTGAAGGGTGAAATATTCTCC -20 and rev were manufactured by Genosys, TX. T7, T3, SK and KS primers were purchased from Stratagene.
Restriction endonucleases
AM, Asel, BsiBl, Clal, EcoRV, Nrul, Nsil, Seal, Spel, and Sspl were purchased from Stratagene. BbrPl, Bfrl and Snol were purchased from Boehringer Mannheim Biochemicals. They were used under die manufacturers recommended conditions.
RESULTS AND DISCUSSION PCR with
We examined the ability of "^dCTP to replace dCTP in the polymerase chain reaction. The -20 and rev primers were used to amplify four templates, the M13mpl8 polylinker, the pBS SKH+ polylinker, the pSL1180 (4) polylinker and a clone of 494 base pairs in M13mpl8. These should give PCR products of 102, 228, 362 and 592 base pairs. Whereas, the M13 mpl8 DNA could be amplified to produce "^dC-substituted DNA, Fjg. 1, lanes 1 to 8 show that "^dCTP cannot substitute for dC-TP to amplify the three other products.
To exclude the possibility that the phenomenon was due to Taq polymerase, we next tried Vent™ polymerase which is from an unrelated species of bacteria. These results, (Fig. 1, lanes 9 to 18) were similar to those obtained for Taq polymerase, except we did obtain faint product formation with "MCTP using pBS SKII+ and mp 18(494) as substrates, but these products do not generally migrate in the correct place in the gel.
To ensure that the results were not artifacts of our materials, these and all other experiments were repeated and two vendors were used to supply '"'dCTP, Taq polymerase and buffers. Two Figure 3 . Ratios of dCTP and "^dCTP. pSLl 180 was used as a template. The amount of dCTP phis "^dCTP in each PCR reaction was kept constant at 200 /iM. Reactions loaded in lanes 1-6 had ratios of 9:1, 7:3, 6:4, 5:5, 3:7, and 1:9 "^dCTP to dCTP. In lanes 7-12 a restriction cleavage experiment was performed on the these reactions to determine if "^dCTP was being efficiently incorporated when dCTP was present. Lane 7 contained a mixture of DNA from lane 4 and an EcoRV cleaved control. Lanes 8, 9 and 10 were a mixture of the reactions shown in lanes 4, 5 and 6 respectively plus an EcoRV cleaved unmethylated control which were then cleaved with Spel. Lane 11 was an Spel cleaved control. Lane 12 is an Spel and EcoRV cleaved unmethylated control. different thermocyclers were used. The same results were always obtained.
We then used primers that dissect the pBS SKTJ+ polylinker to determine which regions could not be amplified with Taq polymerase and "^dCTP. These primers are oriented thus:
The T7-T3 pair did not amplify a central 164 base pairs of the polylinker (Fig. 2, lane 2) , whereas, the KS-SK pair amplified Primers and amplification conditions using Taq polymerase with a 94°C denaturation temperature are described in the methods. Control amplifications with dCTP were all successful. The amplified sequences were scanned for the contiguous 50 bp region with the highest G+C content. the 67 base pair central region. To our surprise, the KS-T3 and SK-T7 primer combinations did amplify the template (Fig. 2,  lanes 5 to 8) . This means that no specific portion of the DNA was sufficient to stop amplification. The possibility existed that the extension times were too short for amplification of a methylated 164 base pair product (T3-T7) but were sufficient for a 121 base pair product (T3-KS). We tried extension times of 30 sec, one min, two min, five min and ten min, none of which allowed amplification of the recalcitrant regions (data not shown). So far the longest substrate from this sequence that could be used for "^dCTP PCR was 121 base pairs (T3-KS of pBSKJI). The shortest that cannot be used was 164 base pairs (The T7-T3 region of pBSKTI).
We next tried to further amplify the product of conventional PCR of the pBS SKII+ and pSLl 180 polylinkers produced with the -20 and rev primers. Using dCTP, the reaction proceeded as expected. However, with "^dCTP we were only able to produce about a twenty fold amplification (data not shown). Thus, the PCR reaction with "^dCTP proceeds very inefficiently. It was possible that the polymerase was using only the unmethylated strand as a template. Such a linear reaction would would explain the inefficiency of the reaction. To test this possibility, the 228 base pair template of conventional amplification of pBSKTJ was amplified with the internally located T7 and T3 primers. If the methylated DNA produced by priming at the T7 and T3 annealing sites could not be used for further amplification, then there would be linear amplification of the two partially complementary single strands extending from the T7 and T3 annealing sites to the ends of the -20/rev PCR products. However, the characteristic 164 base pair T7-T3 product was observed (Fig. 2, lane 10) . This indicated that "^dC was incorporated using "^dC substituted DNA as a template. The reaction was merely inefficient.
To determine if there was a preference for dCTP or î ncorporation by Taq polymerase, we performed PCR with different ratios of the two triphosphates. Fig. 3, lanes 1 to 6 shows the results of an amplification using pSLl 180 as a template. At a ratios of "^dCTP to dCTP of 6:4 or more the amplification ceased. The transition was very sharp. To check for "^dCTP incorporation at the lower ratios where a product was obtained, we cleaved with Spel (ACTAGT), a restriction enzyme that is blocked by "^dC (2) . By comparing the ratios of the 362 base pair uncut DNA with the 312 base pair Spel product, in Fig.  3, lanes 8 to 10, it was clear that a proportion of the DNA was blocked from cleavage, indicating that, if PCR is successful, "^dCTP is still efficiently incorporated even when dCTP is present.
Other templates and primer pairs were amplified with either dCTP or "^dCTP. Some templates could be amplified whereas others could not. This data is summarized in Table 1 . There was no strict correlation between length or the overall G+C content of the product or primers and whether the product could be produced under normal Taq polymerase conditions. The fact that some long substrates could be amplified in the presence of "^dCTP is consistent with results of Colasanti and Sundaresan (5). We next combined the two templates p53 and Tn31 in the same tube and amplified with the primer pairs 6UN-8D and AD13-55E. In the presence of dCTP the lower 371 bp band was more efficiently amplified. This often happens when more than one primer pair is used in the same reaction. However, when "^dCTP was used only the longer 725 bp band was seen, consistent with our results summarized in Table 1 .
We then tested whether the effect of '"'dC incorporation could be reversed by altering the stability of the C:G base pair. PCR reactions were performed with dITP or 7aza-dGTP to alter the C:G base pair stability and DNA duplex structure. For a variety of primer/template combinations, dITP effectively overcame the inhibition of product formation with "^dCTP, (compare Fig. 4 , lanes 2 and 8 which have "^dCTP but no dITP with lanes 6 and 12 which have "^dCTP and a one to one ratio of dGTP and dITP). This suggested that DNA stability might be a major factor in our observations. 7azadGTP was also effective but amplification was suboptimal in the control lane (Fig. 4, lanes  9 and 10) .
PCR using a 100°C denaturation step at each cycle and Vent™ polymerase, which is stable at this temperature, resulted in effective amplification of all substrates (Fig. 4, lanes 13 to  20) . There is some precedent for this observation. Collins and Myers (6) showed that double stranded DNA having only a single "^dC was more stable than unmethylated duplex under denaturing gradient gel electrophoresis. Also, fully "^dC modified DNA has a higher melting temperature (+2°C to + 18°C) than unmethylated DNA (7, 8) . The reason for this increased stability is not well understood. The base pairing energy of dC:dG and "^dCiG do not differ significantly. Other possibilities include effects on base stacking or the water spine. The possible formation of altered structures such as Z-DNA (9,10) cannot be excluded. However, there are generally no good candidate stretches of purine-pyrimidine sequences in the templates we amplified.
The effect of DNA methylation on restriction endonucleases
We chose to produce a fully '"'dC substituted superpolylinker from pSLl 180 (4) because it contains all the four and six base pair palindromic DNA sequences within a region of only 317 base pairs. This would give us a substrate to test the effects of "^dC on many endonucleases.
The methylation state of the '"'dC-modified, defined sequence was tested with methyl-sensitive restriction endonucleases. Fig.  5 , lanes 11 to 15 uses internal controls of unmethylated substrate to show that cleavage of the "^dC-substituted substrate was not detectable and, thus, the substrate was essentially fully modified, within the limits of the assay.
This substrate can be used to determine the methyl-sensitivity of a number of restriction endonucleases that were previously hard to test because characterized methylases for the relevant bases within the recognition sequence were not available (2) . Results for a few examples are summarized in Table 2 . The alternative would have been to manufacture an oligonucleotide with "^dC phosphoramidites to test each enzyme.
Methylation may block double stranded DNA cleavage completely, have no effect on cleavage, or more often lead to a level of inhibition somewhere between these two extremes. The availability of these simple substrates will allow a more accurate determination of the level of inhibition. One should note that, in some cases, there may be an effect of flanking sequence on the rate of cleavage. For this reason, in future experiments we will be using a number of different substrates with different flanking sequences to determine the effects of methylation for each endonuclease.
Other applications
The PCR amplified pSL1180 superpolylinker and similar fully "^dC-modified, defined substrates will not only be valuable for the facile testing of '"'dC sensitivity of restriction endonucleases, but also for other endonucleases. This substrate should define the specificity of most "^dC-dependent endonucleases since it contains every permutation of two and three base sequences, all four base and six base palindromes and almost half of all nonpalindromic four base sequences. The substrate should be of particular interest for characterizing the specificity of "^dC-dependent enzymes such as mcrA and mcrBC (3).
Using the described protocols, a fully "^dC substituted DNA can probably be made for any defined sequence. Thus, the interaction of any DNA binding protein with a fully modified substrate could be investigated without resorting to chemical synthesis of the modified DNA. The incorporation of other modified bases such as dl, 7dzG, dU, ^dU during PCR also has many possible applications, for example, in band shift assays, mutagenesis or DNA sequencing.
